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bstract

A solid base nanocatalyst was obtained by co-condensation between tetraethylorthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane
round a neutral n-dodecylamine template. The glycidoxy ring was opened by reaction with ethylenediamine, to give the desired Caten nanocatalyst.
hermogravimetric analysis showed that the number of active basic groups in this nanocatalyst is 1.22 mmol g−1. Its TEM image showed that its

ndividual particle is spherical, with a size of approximately 50 nm. Nitrogen adsorption–desorption isotherms gave evidence that this nanocatalyst
as a mesoporous structure with pore diameter and surface area of 5.2 nm and 796.1 m2 g−1, respectively. Analyses by 13C and 29Si nuclei NMR

onfirmed the obtention of the catalyst proposed in the synthetic route. The obtained material was used as catalyst in the addition of nitromethane
o cyclopentenone in equimolar amounts, and yields of nitromethylcyclopentanone as high as 98% were achieved after only 30 min of reaction. It
as possible to recover the catalyst from the reaction medium and recycle it 10 times.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In the last few years, literature has highlighted the importance
f nanosized materials in several scientific and technological
reas, and many research councils have intensified investments
n nanotechnology for the coming years [1–7]. This motivation
s based on the electronic, optical, electrooptical, electrochem-
cal, and catalytic properties associated with colloidal particles
f controlled nanosized materials. In this way, nanomateri-
ls containing nanopores of uniform diameter and molecular
imensions may find potential use for the synthesis of organic
ompounds heterogeneous catalysis, as well as in the industrial
roduction of chemicals [1–7].

Among several organic reactions, the Michael addition is
very important and versatile alternative for the obtention of

arbon–carbon bonds, and nitro-compounds have been used in

he conversion of these bonds into a variety of organic functional
roups [8–13]. Because amine is a strong organic base [14], it
as been used as catalyst for reactions such as Michael additions,

∗ Corresponding author. Tel.: +55 61 33072166; fax: +55 61 3273 4149.
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hich involve carbon–carbon bond formation [15–17]. There-
ore, the incorporation of basic organic groups into mesoporous
ilica has been described as an elegant method for the develop-
ent of heterogeneous, reusable catalysts for Michael additions

18,19]. In this sense, nanosized catalysts, which have high sur-
ace area and lead to high product yields, have raised a lot of
nterest from researchers. These solid catalysts play a crucial
ole in product isolation and their reuse is easier if compared
ith homogeneous catalysts, features that make them a green

lternative to the current homogeneous processes.
Therefore, the aim of this work is to report a new and sim-

le method for the obtention of basic nanosilica by reaction of
thylenediamine with the pendant glycidoxy group of a previ-
usly modified silica. The catalytic activity of this novel material
n the addition of nitromethane to cyclopentenone in equimolar
onditions will also be reported here.

. Experimental
.1. Chemicals

The silica used in the formation of the inorganic frame-
ork was derived from tetraethylorthosilicate (TEOS) (Fluka).

mailto:agspradus@gmail.com
dx.doi.org/10.1016/j.molcata.2007.02.035
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he silylant agent 3-glycidoxypropyltrimethoxysilane (Gly)
Sigma), ethylenediamine (en) (Acros), the surfactant n-
odecylamine (Sigma), xylene, and ethanol (Vetec) were all
eagent grade.

.2. Material preparation

The parent mesostructure was prepared by stirring n-
odecylamine (used as template, 0.55 g) suspended in water/
thanol (100.0 mL, 3:1, v/v) for 30 min. An opalescent solution
esembling the nature of micelles was obtained. TEOS (2.76 mL)
nd Gly (0.57 mL) were added to this micellar suspension, and
he mixture was stirred for 24 h. The template inside the pores
f the synthesized compound was Soxhlet extracted with hot
thanol for 72 h, and the mesoporous hybrid, referred to as SiGly,
as obtained as a solid material [20].
The resulting SiGly (5.00 g) was suspended in xylene

100.0 mL) and treated with ethylenediamine (6.8 mL) for 48 h,
t reflux temperature. This was done in order to open the epoxy
ing. The obtained solid was suspended in methanol and was
ured in a hydrothermal system at 70 ◦C. The cured material was
ried in vacuum at 100 ◦C to form the new basic nanomaterial
hich was, designated Caten.

.3. Characterization

The amount of organic pendant chains co-condensed in the
aterial Caten was determined by thermogravimetric analysis

rom the residual data, which was carried out by examining
Caten sample (approximately 10 mg) in a thermogravimetric

nalyzer, model TA-2960, under dynamic atmosphere consist-
ng of dry nitrogen flux. Sample heating from room temperature
p to 1000 ◦C was carried out at a heating rate of 10 ◦C min−1.

Scanning electron microscopy (SEM) was performed on a
EOL 840A. Samples were coated with carbon using a Balzer
odel MED 020 metalliser.
Nitrogen adsorption–desorption data were measured on a

uantachrome Nova 2200 analyzer, at 77 K. Surface area
as calculated by the Brunauer–Emmett–Teller (BET) method,

nd pore size distribution was derived from the adsorption
ranches of the isotherms using the Barrett–Joyner–Halenda
BJH) method.

Infrared spectra of all the samples were performed in KBr pel-
ets, in the 4000–400 cm−1 region, with a resolution of 4 cm−1.
o this end, 64 scans were accumulated, and spectra were
ecorded on an MB-100 Bomem FTIR spectrophotometer.

TEM analysis of the synthesized catalyst was carried out by
eans of a transmission electron microscope Jeol 100C oper-

ting at 80 kV. The sample was distributed on 200 mesh carbon
oated copper grids.

29Si and 13C nuclear magnetic resonance spectra of the solid
ample were obtained on a Varian Mercury Plus 300 spectrom-
ter, at room temperature. For each run, approximately 1 g of

atalyst was compacted into a 7 mm silicon nitrite rotor. The
easurements were obtained at 75.47 and 59.61 MHz, for car-

on and silicon, respectively, with a magic-angle spinning speed
f 3 kHz. In order to increase the signal-to-noise ratio of the
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olid state spectra, the CP/MAS technique was used. 29Si and
3C CP/MAS spectra were obtained with pulse repetitions of 1
nd 2 s and contact times of 1 and 4 ms, respectively.

.4. Reaction of nitromethane with cyclopentenone
atalyzed by the Caten nanocatalyst

The catalytic reactions were carried out by mixing cyclopen-
enone (0.06 mL, 0.6 mmol) and nitromethane (0.03 mL,
.6 mmol) in equimolar conditions, in the presence of the Caten
anocatalyst (0.10 g), in ethanol (2.00 mL). The reaction mix-
ure was stirred at 50 ◦C up to the termination of the reaction.
he end of the reaction between nitromethane and cyclopen-

enone was determined by thin layer chromatography on silica
el using hexane/ethyl acetate (85:15, v/v) as eluent.

The catalyst was removed from the solution by filtra-
ion and the product was characterized by 1H NMR at a
requency of 300 MHz, in CDCl3, on a Varian Mercury
lus 300 spectrometer, at room temperature. The amount of
-nitromethylcyclopentanone produced in the reaction was
etermined on an HPLC system from Perkin-Elmer, Series 200,
quipped with an LC Series 200 pump, a Series 200 UV–vis
etector, and a Spheri-5 RP-18 column with partial size of
mm. Manual injection was carried out with a 20 mL loop, using
ater/methanol (60:40, v/v) as the mobile phase. All the analyses
ere done in triplicate.

.5. Kinetic studies

The kinetic studies were carried out under the same condi-
ions described above, and the reactions were analyzed after 2,
, 10, 12, 15, 20, 30, and 50 min.

After each reaction, the Caten nanocatalyst was filtered off
nd washed with ethanol. It was then reused in a further reaction
etween nitromethane and cyclopentenone, in order to evaluate
ts activity in successive recyclings.

. Results and discussion

.1. Nanocatalyst obtention and characterization

The synthetic procedure was based on the co-condensation
etween glycidoxypropyltrimethoxysilane (Gly) and TEOS,
hich yielded the SiGly material as represented in Fig. 1A.
he amine surfactant micelles guide the formation of the silanol
roups around the polar head of the micelle. Outside each pore,
he hydrolyzed silicon atoms form siloxane groups, resulting in

crosslinked framework. This molecular arrangement favors
he tetraethoxysilane compound in the hydrolyzing process,
ogether with the presence of the silylating agent and causes an
norganic polymeric backbone formation in an organized form
round the micelles. With such organization the amine groups

f the n-dodecylamine molecules are directed to the available
ilanol groups and the corresponding aminoalkylsilyl groups
re maintained around the micelles. The high density of the
ilanol groups dispersed over the pores form a homogeneous
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Fig. 1. The spectrum of SiGly displays a peak at 1254 cm−1,
ig. 1. Proposed mechanism for the co-condensation of TEOS and Gly around
he opening of the epoxy ring of SiGly by reaction with ethylenediamine, to giv

aterial. These structured silanol–surfactant interactions can be
xplained from electrostatic and hydrogen bond formation pro-
esses [21–23]. After template removal in refluxing ethanol the
exagonal mesoporous silica was isolated.

A typical nucleophilic attack of the basic nitrogen atom of
thylenediamine on the carbon atom of the ring produced the
aten nanocatalyst (Fig. 1B).

The organic group content was determined by TG analysis

btained from residual data (Fig. 2). This thermogravimetric
urve shows a mass loss of 21.4%, related to the decomposition
f the organic pendant group. This corresponds to 1.22 mmol
f ethylenediamine per gram of silica (Caten). The TG curve

Fig. 2. Thermogravimetric curve obtained for the Caten nanocatalyst.

a
o
t

icelle, to form the mesoporous silica Sigly (A); and proposed mechanism for
en nanocatalyst (B).

lso shows that the Caten nanomaterial is thermally stable up to
50 ◦C.

The FTIR spectra of SiGly and Caten (Fig. 3) exhibit the typ-
cal silica bands associated with the main inorganic framework,
hich has already been described in detail elsewhere [20–24].
hese spectra also provide information on the progress of the

eaction involving SiGly and ethylenediamine, as depicted in
ssigned to the epoxy ring. This peak is absent in the spectrum
f Caten, thus confirming that the epoxy ring was opened during
he formation of the nanocatayst. Another important peak in the

Fig. 3. Infrared spectra of SiGly and Caten.
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nal. Both signals confirm that the organic groups are covalently
Fig. 4. TEM (A) and SEM (B)

R spectrum of Caten is the one related to the N–H stretching of
n aliphatic amine at 3360 cm−1, which confirms the occurrence
f the desired reaction [25].

A typical TEM image of the Caten nanocatalyst can be seen
n Fig. 4A. This image reveals that the average particle size of
he individual particle is about 50 nm or even smaller, and it also
hows that the particles are spherical.

The SEM image of Caten (Fig. 4B) exhibits the morphology
s a loose collection of small aggregates consisting of polydis-
ersed particles smaller than 100 nm in size.

Nitrogen adsorption–desorption isotherms obtained for
aten (Fig. 5) show that the adsorption–desorption process is
ot reversible. This is a consequence of the hysteresis loops
aused by the useful and unambiguous relation between the
ressure of the capillary condensation and the pore size [26,27].
he isotherm is reversible up to a relative pressure of about
.40. Irreversibility can be observed in the case of the sam-

les where the condensation in primary mesopores takes place
lightly above the latter pressure limit, but the adsorption and
esorption branches are not parallel to each other. Instead, the

ig. 5. Nitrogen adsorption–desorption isotherms for the Caten nanocatalyst.
nsert, the corresponding BJH pore size distribution curve.

l
t
S

es of the Caten nanoespheres.

esorption curve declines abruptly for relative pressures close
o 0.4–0.7, resulting in the hysteresis loop [21,26,27]. Calcula-
ion of the pore size distribution by the BJH method gave a peak
round 4–6 nm, which corresponds to the steep increase in N2
dsorption around 0.4–0.7. In summary, the BET surface area
f the material is 796.10 m2 g−1, and the total pore volume and
he BJH pore diameter calculated from the adsorption branch of
he isotherm are 0.65 cm3 g−1 and 5.2 nm, respectively.

The solid state 29Si NMR spectra (Fig. 6) of both materi-
ls confirm that the covalent bond formed between the silylant
gents and the silanol groups is dispersed on the silica gel sur-
ace. The spectra display four peaks, at −54, −62, −96, and
104 ppm. The first peak is assigned to the silicon atom of

he silylant agent bound to one OH group, which leads to the
tructure RSi(OSi)(OH)2. This peak is designated the T3 signal.
he peak at −62 ppm can be assigned to RSi(OSi)3, the T4 sig-
inked to the silica surface. The other two peaks can be attributed
o pure surface signals due to Si(OSi)4 (Q4 at −104 ppm) and
i(OSi)3OH (Q3 at −96 ppm) [28,29].

Fig. 6. 29Si NMR solid state spectrum of Caten and SiGly.
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Fig. 7. 13C NMR solid state spectrum of Caten and SiGly.

Important information about the immobilization of the pen-
ant groups on the inorganic structure of the catalyst was
btained by solid state 13C NMR, Fig. 7. The SiGly spectrum
s consistent with the chemical modification of the silica sur-
ace with the glycidoxy group, since a series of signals with
hemical shifts in the range of 5–73 ppm can be observed, as
ell as well-formed peaks at 5.0, 23.25, 43.6, 50.5, 70.2, and
3.0 ppm. These peaks can be assigned to the labeled carbons
nd they allow us to conclude that the glycidoxy chain units are
eally bound to the silicon atom. The Caten nanocatalyst spec-

rum gives evidence of the chemical modification of the silica
urface with ethylenediamine. A series of well-formed peaks at
.7, 24.4, 58.1, 60.7, 63.9, and 73.6 ppm helped us conclude that
he ethylenediamine units are really bound to the silicon atom.

2
4
n
d

Fig. 9. Proposed catalytic cycle of Caten in the
ig. 8. Kinetic studies of 3-nitromethylcyclopentanone formation under
quimolar condition, at 50 ◦C in EtOH.

.2. Catalysis

The end of the reaction between nitromethane and cyclopen-
enone, which occurred after 30 min of reaction, was determined
y thin layer chromatography. The product was character-
zed by 1H NMR spectra, which displayed a series of
ignals with chemical shifts in the range of 1.67–4.56 ppm:
.67–1.78 (m, 1H); 1.97–2.07 (q, 1H); 2.19–2.30 (m, 2H);

.30–2.47 (m, 1H); 2.50–2.59 (q, 1H); 2.93–3.10 (m, 1H) and
.48–4.56 (d, 2H). This spectrum confirms the formation of 3-
itromethylcyclopentanone, since it is consistent with spectral
ata published for this compound [24–30].

nitromethane addition to cyclopentenone.
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ig. 10. Conversion yield for the recycling experiments of the Caten nanocata-
yst carried out at 50 ◦C for 30 min.

One of the advantages of such a reaction catalyzed by the
aten nanocatalyst is the short reaction time. The kinetic stud-

es (Fig. 8) show that the reaction reaches equilibrium at 30 min,
ith a product yield of 98%, under almost equimolar amounts of

eactants. A similar reaction described in the literature (between
yclohexenone and nitromethane) required a much larger excess
f nitromethane, a temperature of 90 ◦C and a reaction time
f 20 h, when propylamines supported on silica were used
s catalyst [31]. The catalytic cycle undergone by the Caten
anocatalyst can be explained by the mechanism proposed in
ig. 9.

In order to understand this heterogeneous catalysis, the
angmuir–Hinshelwood Eq. (1) kinetic model should be
pplied:

LH = dC

dt
= kKC

1 + KC
(1)

here rLH is the reaction rate, k the kinetic constant, K the
angmuir adsorption constant and C is the concentration of the

ormed product.
According to the Langmuir–Hinshelwood model, the num-

er of surface adsorption sites is constant at the equilibrium,
nd only one substrate can bind to each surface site. Thus, the
ubstrate adsorption rate is the same for all the sites, it does
ot depend on the surface coverage, and there is no interaction
etween the adjacent adsorbed molecules. Indeed, the addition
f nitromethane to cyclopentenone depends on the adsorption of
he reactants onto the Caten surface, as well as on the reaction
ate.

Data obtained from Fig. 8 lead to values of k = 1019.47 ±
8.21 mol L−1 h−1 and K = 1.06 ± 0.08 L mmol−1. These results
how that the adsorption involved in the catalytic pro-
ess (Fig. 9) is slow, while the reaction is fast. Thus, the
angmuir–Hinshelwood model of this reaction suggests that its

inetics depends on the adsorption of the reactants on to the
aten surface.

Repeated Michael addition reactions using recycled Caten
ere successively performed for 10 cycles (in triplicate), under [
r Catalysis A: Chemical 271 (2007) 63–69

he reaction conditions reported in Section 2. The catalyst was
ltered off after each cycle, washed with ethanol, reintroduced

n the system together with a new batch of nitromethane and
yclopentenone, and the reaction was repeated under condi-
ions identical to ones used in the previous reaction. Fig. 10
hows that the catalytic activity decreases to 70% yield of 3-
itromethylcyclopentanone in cycles 2, 3, and 4. After cycle
, the activity decreases to 40%, and it is maintained at this
evel up to cycle 10, when a 3-nitromethylcyclopentanone yield
f 35% is obtained. This behaviour might be due to the fact
hat 3-nitromethylcyclopentanone is adsorbed onto the catalyst
urface.

Another important aspect of this methodology is that the reac-
ants are used in equimolar amounts. Hence, this addition is
irectly linked to the atom economy concept [32], which is based
n the amount of starting materials and reagents incorporated
nto a desired product. In this way, the production of by-products
r waste is minimized and the process is more atom efficient [33],
hich satisfies many principles of green chemistry.

. Conclusion

The methodology used here for the obtention of the solid
ase nanocatalyst was successful, making it a very promising
ynthetic route. The obtained materials exhibited homogeneous
anosize with typical basic sites. The Caten nanocatalyst proved
o be very efficient for Michael addition reactions, since the
roduct was obtained in 98% yield after only 30 min, under mild
emperatures, and equimolar conditions. This nanocatalyst also
resented the advantage of being easily recovered and recycled, a
ey principle of green chemistry. These promising results should
nd application in other Michael addition reactions.
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